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Physics at the Weak Scale :
Motivation

Electroweak Symmetry Breaking and the Hierarchy Problem.  

Low Energy Supersymmetry,  Technicolor, Extra Dimensions...

Origin of Matter

Dark Matter  (Weak scale annihilation cross section)

Electroweak Baryogenesis  (New states and CP-violation)

Explanation of Observed Experimental Anomalies
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CDF New Tevatron Combination 

7/27/11 29 

Observed Exclusion : 100-109 and 156-177 GeV/c2 

Expected Exclusion : 100-108 and 148-181 GeV/c2 

We are leaving in exciting times:

Experiments are starting to test the              
SM Higgs above the LEP limit, leading to 
interesting exclusion bounds on its mass.

A light SM-like Higgs, is beginning to be probed  
by present data. More information from the 
LHC will be available as early as next week.

2. Higgs mass bounds from collider searches.

From 1989–2000, experiments at LEP searched for e+e− → Z → h0Z

(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the SM Higgs mass

mh > 114.4 GeV at 95% CL.

Searches at the Tevatron and LHC extend the 95% excluded region of Higgs

masses.
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Christophe Grojean Alternatives to SUSY SUSY, 29 August 2o11

1-
a2

1-
a2

15

fermiophobic
 Higgs

gaugephobic Higgs
MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner  ’10

Deformation of the SM Higgs: current constraints

SM ‘a=1’, ‘b=1’ & ‘c=1’
Current EW data constrain only ‘a’ (and marginally ‘c’)

Goldstone of SU(2)LxSU(2)R/SU(2)V

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

DµΣ ≈ WµΣ = eiσ
aπa/v

SM limits

Grojean
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Christophe Grojean Alternatives to SUSY SUSY, 29 August 2o11

Deformation of the SM Higgs: LHC constraints
1-

a2

1-
a2

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

the SM exclusion bounds are easily rescaled in the (mH,a) plane

LHC is now a Higgs exploring machine 
(and it has quickly surpassed Tevatron)

Friday, September 2, 2011



Physics Beyond the SM : 
Supersymmetry

Friday, September 2, 2011



Theoretical arguments in favor:

1 Longstanding: technical naturalness, precision
electroweak, unification, dark matter.

2 More recent: vast array of new models for dynamical
supersymmetry breaking, exploiting metastability (ISS).
Dynamical Supersymmetry Breaking Generic.

3 Arguments even within landscape, which might favor low
energy supersymmetry. In fact, landscape provides a
potentially more sophisticated understanding of
naturalness.

Michael Dine Recent theory developments: implications for low energy supersymmetry

M. Dine

Supersymmetry ?

Friday, September 2, 2011



the LHC?
No 
to think about compressed SUSY, 
etc. if you want, but mSUGRA is 
doing just fine.

band of parameter space?
So is every cosmologically 
preferred region.  Those darn 
cosmologists!

31 Aug 11 Feng 10

The last time I heard so many levels of misunderstanding packed into such a 

Feng

“In simplified models, masses of gluinos and squarks
should be heavier than about 1 TeV” 

Friday, September 2, 2011



It depends on the strange quark content 
and the sign of mu.

have been below a TeV?
So what?  Anyway, they might be right 
(see 9).

-2) require light superpartners?
Yes.  And if you think smuons and 
squarks have to be degenerate, I have 
some beautiful ocean front property in 
Florida to sell you.

31 Aug 11 Feng 12

4  But why should the superpartners be so heavy?
EDMs, proton decay and coupling constant unification, and the Higgs mass 
all point toward multi-TeV scalars.

mDM = 227 GeV
p > 20 zb (XENON)

Cho, Feng, Matchev, Sanford (in prep)
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• Minimal Flavour Violating Approach to Flavour and CP

• The MFV:

m0(MMFV) , m1/2(MMFV) , A(MMFV) ; tanβ(mt) , MZ up to sign(µ)

with real and positive m0, m1/2, and A

• Next to MFV:

m0(MMFV) , m1/2(MMFV) , A(MMFV) ; tanβ(mt) , MZ

with complex m1/2 and A

• What is the maximal extension to MFV?

SUSY ’11, Fermilab, 1 September 2011 A. Pilaftsis

A. Pilaftsis

Friday, September 2, 2011



• Breaking of the [SU(3) ⊗ U(1)]5 flavour symmetries in the MSSM:
[R. S. Chivukula and H. Georgi, PLB188 (1987) 99;

G. D’Ambrosio, G. F. Giudice, G. Isidori, A. Strumia, NPB645 (2002) 155;
Generalization of GIM mechanism: S.L. Glashow, J. Iliopoulos, L. Maiani, PRD2 (1970) 1285.]

hu,d → U†
U,D hu,d UQ , he → U†

E he UL ,

M̃2
Q,L,U,D,E → U†

Q,L,U,D,E M̃2
Q,L,U,D,E UQ,L,U,D,E ,

au,d → U†
U,D au,d UQ , ae → U†

E ae UL .

• Maximal CP and Minimal Flavour Violation (MCPMFV)
[e.g. J. Ellis, J. S. Lee, A. P., PRD76 (2007) 115011.]

M1,2,3 , M2
Hu,d

, M̃2
Q,L,U,D,E = M̃2

Q,L,U,D,E 13 , Au,d,e = Au,d,e 13

3⊕ 3 2 5 3⊕ 3

13 ⊕ 6 = 19 Parameters !

SUSY ’11, Fermilab, 1 September 2011 A. Pilaftsis
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• EDMs in the MSSM

×

×

fL fRg̃

f̃L f̃R

×

×

W̃3, B̃

f̃L f̃R

×

f̃ ′
L

W̃− h̃−
2 , h̃−

1

with f = e, u, d

(
df

e

)1−loop

∼ (10−25 cm)×
{Im mλ, Im Af}

max(Mf̃ , mλ)

(
1 TeV

max(Mf̃ ,mλ)

)2 ( mf

10 MeV

)

Schemes for resolving the 1-loop CP crisis:

• Im mλ/|mλ|, Im Af/|Af | <
∼ 10−3; Mf̃ , mλ ∼ 200 GeV

• CP phases ∼ 1, but Mf̃
>
∼ 5–10 TeV, for f̃ = ũ, d̃, ẽ, ν̃L

SUSY ’11, Fermilab, 1 September 2011 A. Pilaftsis
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• SUMMARY

• The MSSM with MFV extended to MCPMFV is an interesting
framework for studying New Physics.
It contains 19 parameters = 13 CP-even ⊕ 6 CP-odd.

• Non-observation of Thallium, neutron and Mercury EDMs give
strict constraints on 3 combinations of the 6 soft CP-odd phases
of MFV-type scenarios.

• Geometric approach introduced for maximazing CP observables in
the small phase approximation.

• Interplay of future EDM observables (Deuteron and Radium) will
further constrain soft CP violation in SUSY, including θQCD.

=⇒ Pushing the limit to θQCD
<
∼ 10−12

SUSY ’11, Fermilab, 1 September 2011 A. Pilaftsis
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The drama of Lepton-Photon 2011

CDF Public Note 10206
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Figure 7: 2D likelihood confidence regions in the φJ/ψφ
s − ∆Γs plane. The black square

corresponds to the theoretical predicted Standard Model value [3].
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Bs → J/ψ f0

Bs → J/ψϕ

ΔΓ
s>

0

ΔΓ
s<0

Simultaneous fit to both samples: 

ϕs = 0.03 ± 0.16 ± 0.07 rad

With present statistics, no evidence 
for deviation from the SM.

Next steps: 
1) Increase statistics (luminosity)
2) Add same-side Kaon tagging
3) Break ambiguity by looking at 
relative S-wave phase vs. M(KK) in 
J/ψϕ 
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1d Likelihood scans 
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Bs→J/ψφ:   ΔΓs vs. ϕs

Most precise measurement of ϕs

• ϕs = 0.13 ± 0.18 (stat) ± 0.07 (syst) rad

• Consistent with SM

4 σ Evidence for ΔΓs ≠0 : 

• ΔΓs = 0.123 ± 0.029 (stat) ± 0.008 (syst) ps-1

•     Γs = 0.656 ± 0.009 (stat) ± 0.008 (syst) ps-1

Standard Model
(Lenz, Nierste: arXiv:1102.4274)
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LHCb PreliminaryWhen combined with Bs→J/ψ f0:

SM:  Φs = -0.004

Neubert

No obvious signs of non-standard CP violation
Friday, September 2, 2011



Theoretical predictions: Randall-Sundrum model

Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

This relation is indicated by the orange dotted curve in the lower panel of Figure 14. Deviation

from the behavior (59) measure the strength of the Z0bRs̄R relative to the Z0bLs̄L coupling.

49

Bauer, Casagrande, Haisch, MN (2009);
see also: Blanke et al. (2008)

CDF result (±1σ)

Figure 7: Predictions for φBs versus CBs (upper left), as well as ∆Γs/Γs (upper right)

and As
SL/(As

SL)SM (lower panel) versus Sψφ. The blue points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at the 95%, 99%, and 95% CL.

The black crosses indicate the SM predictions and the yellow (orange) contours the

experimentally preferred regions of 68% (95%) probability. See text for details.

We now move onto the Bs system. Our results for φBs versus CBs , as well as ∆Γs/Γs and

Ad
SL/(As

SL)SM versus Sψφ obtained in the parameter scenario S1 are shown in Figure 7. In this

case we only include points in the plots that satisfy the constraints from |�K |, Z0 → bb̄, and

Bd–B̄d mixing. The SM predictions are indicated by black crosses, while the yellow (orange)

colored contours resemble the experimentally favored regions at 68% (95%) CL. Focusing

first on the predictions in the CBs–φBs plane, we see that shifts of up to ±0.4 in CBs and

large corrections in φBs are possible in the RS model. For comparison, we show the results

of a model-independent analysis of new-physics contributions to Bs–B̄s mixing employing

the parametrization (A4). We obtain two solution for φBs , reflecting the twofold ambiguity

34

LHCb +CMS upper bound 
(95% CL)

• New results on Bs→μ+μ- begin cutting into the interesting parameter space

• Expected effects in Bs mixing are compatible with new LHCb range

Both rare modes Bd,s→μ+μ- can be significantly enhanced over their SM values:

LHCb @ LP11 (1σ)
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Theoretical predictions: BMSSM

Altmannshofer, Carena, Gori, de la Puente (2011)
Alejandro de la Puente @ SUSY11 (SUN); 

Wolfgang Altmannshofer @ SUSY11 (THU)

• New upper bound on Bs→μ+μ- implies an interesting upper limit on the magnitude 
of the New Physics contributions to CP violation in Bd and Bs mixing (red points)

A generalized SUSY model with additional CP phases in the Higgs sector from 
higher-dimensional operators can give rise to interesting effects in the Bs system:

Friday, September 2, 2011



14 RGIS

M. Carena, PD, N. Shah, C. Wagner 2010

Renormalization Group Invariants 
They allow a direct connection between low and high energy quantities. 

Interestingly enough, there are 14 RGIs in the MSSM

Minimal Flavor Violation:

Friday, September 2, 2011



Applications of RGI’s

  For most general flavor independent models, establish two sum   rules 
and a one to one relationship between RGIs and parameters of the 
model, apart from the messenger scale

  For minimal models,  several rum rules are established, that lead to 
spectrum predictions from a limited number of observables.

M. Carena, P.  Draper, N. Shah, C.W. ’10 & ’11

RGI sum rules partly considered in 
•  formal studies of softly-broken N=1 gauge theories,
•  phenomenological studies of specific models 
(CMSSM, SUSY-GUTs, AMSB, GMSB, general flavor-blind models,...)

Martin & Ramond 1993; Kawamura, Kobayashi, Kubo 1997; Kazakov 1997; Hisano & Shifman 1997
Jack, Jones, Pickering 1997; Arkani-Hamed, Giudice, Luty, Rattazzi 1997; Carena, Huiti, Kobayashi 2000
Kobayashi & Yoshioka 2000; Ananthanarayan & Pandita 2005; Demir 2005; Kane, Kumar, Morrissey, 
Toharia 2007; Meade, Seiberg, Shih 2009; Balazs, Li, Nanopoulos, Wang 2010; etc...

This study:
• a more complete list of the MSSM RGIs
• application of both sum rules and high-scale parameter        
   reconstruction
• analysis of 2-loop effects and experimental uncertainties
   in the contexts of General and Minimal Gauge Mediation

RGI’s in context:

RGI sum rules have been considered by many authors :

Friday, September 2, 2011



Generic Flavor Blind Models

               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16

!  5 sfermion masses, 3 gauginos, 2 Higgs mass parameters, 3 gauge couplings
                                   13 d.o.f at the scale M and 12 RGIs
        ==> can reconstruct everything as an algebraic function of one unknown M

               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16
               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16Bound all parameters by requiring 5 < log(M/GeV) <16 => extra uncertainty

all couplings and 
soft masses at scale M

Friday, September 2, 2011



Supersymmetry Searches at 
Colliders

Friday, September 2, 2011



Gluino Decays:  5) Gluino Decays

The gluino can only decay through squarks, either on-shell (if allowed) or virtual.

For example:

g̃ q̃R

q̄ q

Ñ1

jj + /E or tt̄ + /E

g̃ q̃L

q̄ q

Ñ2 f̃

f̄ f

Ñ1

jjjj + /E or tt̄jj + /E or

jj!+!− + /E

g̃ q̃L

q̄ q

C̃1 f̃

f̄ ′ f

Ñ1

jjjj + /E or tt̄jj + /E or

jj!± + /E

Becausemt̃1 ! other squark masses, top quarks can appear in these decays.

The possible signatures of gluinos and squarks are typically numerous and

complicated because of these and other cascade decays.
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q̄ q

C̃1 f̃

f̄ ′ f

Ñ1

jjjj + /E or tt̄jj + /E or

jj!± + /E

Becausemt̃1 ! other squark masses, top quarks can appear in these decays.

The possible signatures of gluinos and squarks are typically numerous and

complicated because of these and other cascade decays.
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The possible signatures of gluinos and squarks are numerous and complicated 
due to cascade decays

If      
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Channel definition

• Depending on the SUSY mass hierarchy, different production 

processes favoured (              )

• Signal regions optimised to maximise sensitivity to different 

production processes

g̃g̃, g̃q̃, q̃q̃
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What are these searches?

17

To make the set of benchmarks as intuitive as possible, we began with five benchmarks per

topology, spaced to effectively span both the massless and degenerate LSP regions. However,

we found that these benchmarks alone fell far short of our goal. A search optimized only

for these benchmarks will miss roughly one third of the simplified model parameter space.

To improve the benchmark list, we found that the most important additions were in the

simplified model topologies with many b-quarks but without top quarks and leptons, such

as the GBB
B̃

and BB̃ models.

C. Search Strategies

The following table displays the searches that make up the optimized search strategy that

was found to cover the entire parameter space of simplified models.

Search Region Nj N� Nbjet ET� HT

High HT 1 4
+

0 0 300 1000

High MET 2 4
+

0 0 400 500

1 b Low multiplicity 3 2
+

0 1
+

400 400

1 b High HT 4 4
+

0 1
+

300 800

1 b High MET 5 4
+

0 1
+

400 500

2 b High MET 6 3
+

0 2
+

250 400

3 b High MET 7 3
+

0 3
+

250 600

3 b Low MET 8 4
+

0 3
+

150 300

b SSDL 9 2
+

SSDL 1
+

0 200

Each search region gives E(Ci) ≤ 2.0 for some of the simplified models, so that all

simplified models are covered by at least one search region. As an illustration, Fig. 14 shows

the cuts that would give the best coverage for the BB topology, with L =??? pb
−1

.

To interpret this table, note that the optimized search achieves sensitivity to generic jets

and missing energy signals with a small number of searches that involve significant ET� and

large HT cuts. To uncover heavy flavor physics, there are several searches involving b-jets

with more modest cuts on HT . Since many of the simplified models produce 4b jets in every

event, we find that a 3b-jet search with a very modest ET� cut and a minimal HT cut can

be very effective. Finally, the search involving same-sign dilepton in events with 2 or more

b-jets achieves great sensitivity to multi-top events and does an excellent job covering the

region where mg̃ ≈ 2mt + mχ0 .

D. The Utility of 3b and SSDL Searches

During the process of optimizing searches we found that the 3b and same-sign dilepton

channels should be utilized. This interesting and perhaps surprising result suggests that

experimental studies, which currently only go up to 2b and 1�, could be better optimized by

considering these channels. Here we will explore this issue in more detail.

2 Normal Light Flavor
4 Normal Heavy Flavor

3 Low BG Heavy Flavor

(searches useful for 1/fb to 15/fb) 
J. Wacker

Heavy Flavor SUSY searches 
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Jets + MET Signature 
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Same Sign Leptons + Jets + MET Signature 
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    Direct Searches for Super-Symmetry   
 
              Super-Partners  +  Super-Interactions  
 
    + Goldstino  
 
    + New Interactions                    (R-Symmetry, B or L Conserved)  
 
    + Global Symmetry Violation      (Lepton Flavor, … )  
 
    + New Global Symmetries          (  U(1)R , …  )  
  
    + New Matter fields                  (Vector Like, Dark Matter, …)  
 
    + New Higgs fields                     (Singlets, …)  
 
    + New Gauge Interactions          (Abelian, Non-Abelian)  
 
    + …     

!"

S. Thomas
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Di-Photon + Jets + MET Signature  
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Prompt Decay 
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g̃g̃ → (tt̄χ0)(tt̄χ0)
4 Tops + MET
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2 Search Regions Cover Everything at 1 fb-1

J. Wacker
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Relatively light stops are naturally there, they can raise sufficiently the Higgs 
mass  and are not ruled out by current data ! 

They should be a priority in LHC searches (in all possible stop decay channels)
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-

๏ Colored superparticle 
- no indication from current LHC search, mass limit of about 1 TeV.
- what if colored particles are so heavy,  out of the reach of LHC?

๏ EW interacting particles
- suffer from small electroweak direct production
- current SUSY search strategy is not sensitive to light EW interacting 
particles (large HT cuts reduce the signal efficiency)

Exploring LHC reach for the electroweak sector of MSSM 
neutralinos, charginos and sleptons.

Bino

Wino

!0 !± !0 !± Bino

Higgsino

light wino, M1 < M2 < µ light Higgsino, M1 < µ < M2

 

sleptons
- decouple
- light, off-shell
- light, on-shell

Han, Padhi and Su

Su
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-

Collider signatures
- jets + MET
- 1l + jets + MET
- OS2l + jets + MET
- SS2l + jets + MET

M2 (GeV)
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b
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10
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M1 = 10 GeV, LO

M1 = 10 GeV, NLO

M1 = 300 GeV, LO

M1 = 300 GeV, NLO

๏ 0.98 fb-1 has no reach
๏ with more data (even just 10fb-1), 
could have reach beyond LEP limit.
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Precision electroweak constraints can also be applied to the 2HDM and the

MSSM.
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The left-hand plot provides constraints on the Type-II 2HDM.

The right-hand plot [taken from O. Buchmüller et al., Eur. Phys. J. C71,

1634 (2011)] shows Higgs mass constraints in the NUHM1 extension of the

CMSSM (with non-universal Higgs mass parameters).

Best fit in the CMSSM in the LEP allowed region.
Regions excluded by LHC tend to produce light Higgs, at or below the LEP bound !
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The state-of-the-art computation includes the full one-loop result, all the

significant two-loop contributions, some of the leading three-loop terms,

and renormalization-group improvements. The final conclusion is that

mh <
∼ 130 GeV [assuming that the top-squark mass is no heavier than

about 2 TeV].

Maximal mixing corresponds to choosing the MSSM Higgs parameters in such a way that

mh is maximized (for a fixed tan β). This occurs for Xt/MS ∼ 2. As tan β varies, mh

reaches is maximal value, (mh)max " 130 GeV, for tan β # 1 and mA # mZ.

H. Haber

Minimal models, like the MSSM tend to lead to small Xt and 
relatively large CP-odd masses.  Both stops could be as light 

as a few hundred GeV if mixing parameter Xt is large. 
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MSSM Higgs Searches at the LHC

In the MSSM, one of the Higgs bosons has standard model like couplings to the top and 
gauge bosons

Relevant SM-like channels of production and/or decay are induced by loops, which are 
affected by new physics (mainly stops).  We shall assume all relevant supersymmetric 
particles to be heavy, with masses of order 1 TeV. 

Moreover,  the dominant width of Higgs decay into bottom quarks is enhanced due to 
mixing with non-standard Higgs bosons.  Top Yukawa tend to be somewhat reduced by 
same effect. This affects the main production and decay channels.

Figure 2: Rates for gg → h → γγ,WW (solid) and gg → H → γγ,WW (dashed) in the

MSSM, relative to the rates in the SM for a Higgs of mass mh or mH , respectively.

Four different curves are shown for each particle, demonstrating the relatively model-

independent nature of the suppression.

channel V h → bb̄ provide some reach in minimal mixing. Both of these channels grow

stronger with smaller mh, so the coverage in this region is stronger than in maximal

mixing. In both models, however, it is clear that overall the total reach is suppressed as

mA decreases. As mentioned in the introduction, this is due to tree-level mixing between

the CP -even Higgs bosons, which can result in an enhanced decay width of the SM-like

Higgs into bottom quarks. Such mixing is stronger for low values of the non-standard

Higgs boson masses and tends to suppress the Higgs decay into photons and W bosons,

rendering the searches at the LHC more challenging
1
.

The Higgs doublet mixing decreases as cot β for large values of tan β, but since the

coupling of the non-standard Higgs bosons to bottom-quarks is approximately propor-

tional to tan β for large values of tan β, the mixing effects on the BR(h → bb̄) remain

approximately constant. This property, as well as the overall magnitude of the suppression

effect on the rare decays, is demonstrated in Fig. 2 for the gg → h → γγ,WW channels.

We also display the suppression relative to the SM for the gg → H → γγ,WW channels,

since below mA ∼ 130 GeV the heavy Higgs becomes SM-like in its coupling to gauge

bosons, while h becomes nonstandard. However, H still retains an enhanced coupling to

bb̄ due to a small mixing with h, leading again to a suppression of the H → γγ,WW

rates.

The bb̄ enhancement has relevant consequences for searches at the LHC. For maximal

mixing, in which the SM-Higgs mass is close to 130 GeV, the most important search

channel is the decay into a pair of W -gauge bosons. This decay channel is suppressed for

small mA. As shown in Fig. 1, combining the two LHC experiments at 5 fb
−1
, for mA

below 200 GeV the LHC is not expected to probe the presence of a SM-like Higgs boson

in the standard Higgs search channels.

In the minimal mixing scenario, the SM-like Higgs boson has a mass close to 115 GeV

1
Note that although the h → bb̄ partial width can easily increase by an order of magnitude, since it

is the dominant contributor to the total Higgs width, the h → bb̄ branching fraction is only increased by

a factor � 2. For this reason V h → bb̄ does not compensate for the h → γγ,WW channels, where the

branching ratios can experience the full order of magnitude suppression.

4

P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354
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Figure 12: Top: The multiple of the cross-section of a Standard Model Higgs boson which can be

excluded using 1 fb
−1

of data at 7 TeV. At each mass, every channel giving reporting on it is used. The

plot at the bottom is the same as the top except truncated to 200 GeV. The green and yellow bands

indicate the range in which we expect the limit will lie, depending upon the data.

25

With 5 inverse fb (about the end of this year) each experiment expects 
to be able to probe a SM Higgs in the whole range above 115 GeV and 
combination of ATLAS and CMS could lead to evidence on this mass 
range. 

Expected Significance(σ) = 2/Rexpected
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7 TeV LHC MSSM Higgs Reach
P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354

Suppression of

leads to reduced
reach at low values 
of the CP-odd Higgs 

mass

BR(h → γγ)

At sufficiently
large luminosity

are helpful in 
partially reducing

the reach suppression

V h, h → bb

WBF, h → ττ

Figure 1: Top row: Estimated median LHC reach for the light, SM-like Higgs boson in the

minimal mixing (left) and maximal mixing (right) benchmark scenarios of the MSSM

with 5 fb
−1

/experiment. Middle (Bottom) row: same, with 10 (15) fb
−1

/experiment.

4

mh � 115GeV mh � 130 GeV

Significance(σ) = 2/R
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The LHC sensitivity is somewhat 
complementary to that of the 
Tevatron, which becomes more 
sensitive for low Higgs masses.  

Combination of data from  
experiments at the end of 2011 
may be useful to find evidence 
for Higgs at an early stage. 

Combination of 5 inverse fb LHC with 10 inverse fb Tevatron data :
Evidence of SM-like Higgs presence in almost all parameter space

M. Carena, P. Draper, T. Liu, C.W.’11

Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

P. Draper, T. Liu and C. Wagner’09

Figure 6: Estimated median combined Tevatron+LHC reach for the light, SM-like Higgs boson

in the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM. Top: 5 fb
−1

/experiment for the LHC, 10 fb
−1

/experiment for the Tevatron;

Bottom: 10 fb
−1

/experiment for both the Tevatron and LHC.

8
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Complementarity with LHC non-standard Higgs searches

Non-standard Higgs searches allow to probe part of the parameter space 
for which standard reach is suppressed

M. Carena, P. Draper, T. Liu, C.W.’11Figure 7: LHC reach for the light, SM-like Higgs boson and the nonstandard Higgs states in

the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM.

A second approach to studying the low mA parameter space is given by the LHC

searches for the nonstandard Higgs bosons H and A in their decays to τ leptons [16, 17].

These channels are most effective at low mA, where both H and A are lighter and easier

to produce, and at large tan β where the production in association with bottom quarks is

proportional to tan
2 β.

In Fig. 7 we overlay the estimated reach for the neutral MSSM Higgs bosons with

nonstandard gauge couplings in the maximal and minimal mixing scenarios. The 95% CL

limit is derived from the expected limits given in the recent CMS H/A → ττ search [17]

with 1.1 fb
−1
, using the tree-level approximation that the reach in tanβ scales like L1/4

and the useful property that the nonstandard Higgs expected reach is robust against

changes in the soft parameters [29] (although some weak dependence on µ can appear for

large values of µ [30].) This demonstrates the complementarity of the two types of Higgs

searches at the LHC: a statistical combination of the channels should be able to test the

parameter space of the model, even though none of the particles h,H,A can necessarily

be probed on all of the model space.

In the regions of parameter space for which the SM-like Higgs bottom and tau couplings

are suppressed, analyzed in the small-αeff scenario of Fig. 4, the LHC will also be able to

test the nonstandard Higgs sector. In fact, almost all of the interesting parameter space

of this particular model is already ruled out with the first 1.1 fb
−1

of data. This is shown

in Fig. 8, where the current CMS 95% CL limit on the CP -odd Higgs mass is drawn as

a dashed line. For the specific point we analyzed, the current bounds already heavily

constrain the region of parameters for which the branching ratio BR(h → γγ) may be

enhanced, leaving only a small window around tan β ∼ 10 and mA ∼ 100 GeV. This is

a generic feature. In Fig. 8 we also show the projected reach of the H/A → ττ channel

with 5 fb
−1

per experiment. Based on these results, we find that with the acquisition

9
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Search for SM-like Higgs Boson from SUSY Particle Decays

Parameter space consistent with  Neutralino Relic Density: Heavy Sleptons

Green : tanβ = 50
Black : tanβ = 10

Gori, Schwaller,Wagner, Phys.Rev.D83:115022,2011

mA = 300 GeV

M2 = 2M1

mq̃ � 1 TeV
Mg̃ � 6M1

Countours of proper relic 
density

Blue regions :

Appreciable 
Branching 
Decay Fraction.

Darker means 
larger branching 
decay fraction.

X : energetic
quarks, leptons 
and missing 
energy

Good prospects of observing Higgs in the14 TeV run and, perhaps, even in the 7 TeV run.

(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 4: Same as Fig. 3, for MA = 300 GeV. The yellow star and cross show the positions of the
benchmark points (II) and (III) respectively, discussed in Sec. 4.

13

σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 1.11 0.52 78 31

(II) 0.73 0.34 116 31

(III) 2.59 0.90 360 135

(IV) 1.60 0.83 231 101

Table 1: Cross sections for SUSY production at the LHC with
√
s = 14 TeV. Shown are

the total production cross sections, and the cross sections of events that pass our simple

cuts. The fourth column shows the cross section for events that contain at least one Higgs

boson, while for the last column we require in addition that the Higgs has a transverse

momentum pT > 200 GeV.

In Tab. 1 we show the total production cross sections and the cross sections for events

that pass the basic cuts for the three benchmark points. The fourth column gives the cross

sections for events in the cut sample that contains at least one Higgs boson, analogously

the last column the cross section for boosted Higgs.

The large gluino mass inhibits larger production cross sections for the first two points.

The cross section for events containing a Higgs boson for scenarios (I) and (II) is in fact

of order 0.1 pb, corresponding to 1000 events with 10 fb
−1

. This signal will be challenging

to find at the LHC using conventional cut based analyses, but might be possible if one

properly makes use of the heavy spectrum of produced particles [37].

For the jet substructure based analyses to be applicable, at least a fraction of the events

must have Higgs bosons with pT > 200 GeV [17]. The transverse momentum distributions

of the Higgs bosons in our samples are shown in Fig. 9. Points (I) and (II) have O(30 fb)

cross sections for boosted Higgs bosons.

The third scenario (point (III)) has a larger production cross section for sparticles

thanks to a smaller gluino mass. Together with a large branching fraction for boosted

Higgs bosons, this leads to an enhanced cross section for boosted Higgs bosons.

The nonuniversal point (IV) has a production cross section after cuts similar to (III),

in spite of having a slightly heavier gluino. The reason is that, due to the very light Ñ1,

more jets from squark decays pass the cuts. Also note that the fraction of Higgs events

with a boosted Higgs boson is larger than for the other benchmark points. This feature is

again largely due to the small Ñ1 mass.

The total cross sections for SUSY cascades with Higgs bosons are comparable to those

obtained for the parameter points that were studied in [17]. The fraction of events with

strongly boosted Higgs bosons tends to be slightly smaller, around 30-40% compared to

50% in [17], since in our case some of the Higgs bosons originate from longer decay chains.

Despite the slightly reduced number of boosted Higgs bosons, the similarity with the

results of [17] suggests that the Higgs boson can be discovered in SUSY decay chains also

22

Boosted Higgs : pT > 200 GeV

Look for boosted SM-like Higgs bosons, decaying to bottom quarks
Butterworth, Davison, Rubin, Salam’08

Higgs from heavy sparticle decays tend to be boosted
Kribs, Martin, Roy, Spannowsky’10
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Eduardo Pontón

The EFT Approach

42SUSY 2011, Aug. 30th

Study extensions with ``heavy” BMSSM degrees of freedom that couple to the Higgs sector.
1− 2 TeV(``heavy” stands for heavier than MSSM Higgses, typically )

• Allows relatively model-independent survey: integrate-out and describe by

W = µHuHd +
ω1

2M
(HuHd)

2 +
ω2

3M3
(HuHd)

3 + · · ·
Brignole, Casas, Espinosa, Navarro, ‘03
Dine, Seiberg, Thomas, ’07
Antoniadis et. al. ’07 ...

• Matter sector more constrained, restrict here to Higgs sector “Z �s”,W �(e.g. singlets, triplets, )

1/M2Kähler potential starts at order . Also F-term SUSY.

Friday, September 2, 2011
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• Impose some ``sanity” checks:

- Higher orders in 1/M expansion should be expected to be small

1/MTechnical comment: both 1/M2and can be phenomenologically relevant,
without signalling breakdown of EFT expansion!

The EFT Approach

SUSY 2011, Aug. 30th

(Carena, Kong, EP & Zurita, 2009)

Friday, September 2, 2011
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• Impose some ``sanity” checks:

- Higher orders in 1/M expansion should be expected to be small

1/MTechnical comment: both 1/M2and can be phenomenologically relevant,
without signalling breakdown of EFT expansion!

The EFT Approach

SUSY 2011, Aug. 30th

(Carena, Kong, EP & Zurita, 2009)

λ1,λ2,λ3,λ4 ∼ g2 +O(1/M2)

λ5,λ6,λ7 ∼ O(1/M) + O(1/M2)

V ⊃ 1

2
λ1(H

†
dHd)

2 +
1

2
λ2(H

†
uHu)

2 + λ3(H
†
uHu)(H

†
dHd) + λ4(HuHd)(H

†
uH

†
d)

+

�
1

2
λ5(HuHd)

2 +
�
λ6(H

†
dHd) + λ7(H

†
uHu)

�
(HuHd) + h.c.

�

Special structure of MSSM potential + SUSY higher-dimension operators:

can be relevant!

Friday, September 2, 2011
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#Not probed

MSSM

100 150 200 250 300 350 400
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150
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mH #GeV$

m
h
#GeV

$

tan Β & 2, M & 1 TeV, Μ & ms & 200 GeV, MSUSY & 300 GeV, At & Ab & 0

tanβ = 2

WW,ZZ, γγ, ττ, t → H
+
b

Eduardo Pontón

Heavier Higgses under Stress

44SUSY 2011, Aug. 30th

tanβ = 20

5 fb−1 tanβ = 2

15 fb−1

• Most model points excluded, or can be excluded with at

or tanβ = 20at

Most recent LHC searches in

(Carena, EP & Zurita, to appear)

Friday, September 2, 2011



Results from WMAP

!0 = 1.02 ± 0.02

!" = 0.73 ± 0.04

!M = 0.27 ± 0.05

    !b = 0.044 ± 0.004

Dark matter is non-baryonic

Universe density

Dark energy density

Total matter density

Baryon matter density

Our Universe:

us

Ωi : Fraction of critical density

If Dark Matter is a neutral 
particle proceeding from the 
thermal bath, its density 
fraction is inversely 
proportional to its 
annihilation rate.

“The Weak will inherit the Universe”

Friday, September 2, 2011



Dark Matter Annihilation Rate
The main reason why we think there is a chance of observing dark 
matter at colliders is that, when we compute the annihilation rate to 
get the proper relic density, we get a cross section

This is approximately

This suggests that it is probably
mediated by weakly interacting
particles with weak scale masses

Connection of  Thermal Dark Matter to the weak scale and to the 
mechanism of electroweak symmetry breaking 

Dark Matter

Dark
Matter

Dark
Matter

SM

SM

!"DM DM#SM SM $%1 pb

WIMP!

Interaction Rate: just particle physics!

0.094&'dm h
2&0.129To get                           , we need

This is just the Weak Scale, so 
!"DM DM#SM SM $()EW

2 *MEW
2

(A.B., K. Matchev and M. Perelstein, PRD 70:077701, 2004)

σann.(DM DM→ SM SM) � 1 pb

1 pb = 10−36 cm2

σann. �
α2

W

TeV2

Friday, September 2, 2011



31 Aug 11 Feng  6

CURRENT STATUS
The excitement at low cross sections stems from the confrontation of 
experiment with theory

How robust and interesting are the theoretical predictions?

Feng

Friday, September 2, 2011



MSSM?

Note that our results are somewhat discrepant with [19].
This may originate from the fact that Ref. [19] did not take
into account the latest constraint on Bs ! !!. Indeed, we
do obtain many more points at low mass if we disregard
this constraint, as was also pointed out in Ref. [30].
However, all these ‘‘new’’ points are also excluded by
the Tevatron limits.

We have performed a similar analysis for the case
!< 0. However, we found that it is extremely difficult
to obtain a good starting point. Besides the total likelihood
of the points retained by the MCMC being much smaller
than that for !> 0, this is mainly due to the ðg" 2Þ!
constraint and to a lesser extent to the constraints from B
physics. Hence, MSSM-EWSB neutralinos lighter than
15 GeV are also ruled out in the case !< 0.2

Of course our lower bound on !"h
2 [see Eq. (3)] is

arbitrary. One could consider an even smaller fraction of
light neutralinos in the halo. In this case, not only would
they be a minor source of dark matter but also their energy
density distribution in the halo may be affected by the
nature of the main candidate; this is hard to estimate. We
have checked nevertheless that taking !" $ 10%!WMAP

does not change our results. This can be understood easily.
Taking !" $ !WMAP requires a large pair-annihilation

cross section (#v""). Yet #v"" is proportional to the

neutralino mass squared. Hence, the lightest the neutralino,
the smallest the pair-annihilation cross-section, that is the
largest value of!"h

2. Thus, one cannot take the neutralino

mass arbitrarily small. To enhance the cross section, the
sole viable option is to invoke neutralino pair annihilations

through the exchange of a relatively light pseudoscalar
Higgs (which is in agreement with our findings) since
neutralino coannihilations with the next-to-LSP is impos-
sible owing to the smallness of the neutralino mass.

B. Neutralino masses less than 50 GeV

Given our conclusion concerning light neutralinos, it is
interesting to derive the lower limit for the neutralino mass
in the MSSM. For this, we focus on scenarios where the
neutralino mass ranges from 1 to 50 GeV.

FIG. 4 (color online). Distribution of the points selected by our
MCMC analysis in the tan$-mA plane in the MSSM-EWSB
scenario with !> 0 and m" < 15 GeV. The Tevatron limits are

displayed for the case of no mixing (dashed line) or maximum
mixing (solid line) in the stop sector, same color code as in
Fig. 3.

FIG. 3 (color online). MSSM-EWSB scenario with !> 0 and
m" < 15 GeV. Spin-independent cross section on proton times

the fraction of neutralinos in the Milky Way dark halo (%) versus
the neutralino mass m". The dark (red) [light (pink)] points have

a likelihood greater than 99.4% (68%).

FIG. 2 (color online). Q=Qmax with respect to the neutralino
mass in MSSM-EWSB scenario for !> 0 and m" < 15 GeV.
We use the same color code as in Fig. 1.

2In Ref. [52] it was shown that the ðg" 2Þ! constraint could
be avoided if one takes opposite signs for gaugino masses with
both !< 0 and M2 < 0. We have not considered this class of
scenarios.
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of the points retained by the MCMC being much smaller
than that for !> 0, this is mainly due to the ðg" 2Þ!
constraint and to a lesser extent to the constraints from B
physics. Hence, MSSM-EWSB neutralinos lighter than
15 GeV are also ruled out in the case !< 0.2

Of course our lower bound on !"h
2 [see Eq. (3)] is

arbitrary. One could consider an even smaller fraction of
light neutralinos in the halo. In this case, not only would
they be a minor source of dark matter but also their energy
density distribution in the halo may be affected by the
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have checked nevertheless that taking !" $ 10%!WMAP

does not change our results. This can be understood easily.
Taking !" $ !WMAP requires a large pair-annihilation

cross section (#v""). Yet #v"" is proportional to the
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the smallest the pair-annihilation cross-section, that is the
largest value of!"h

2. Thus, one cannot take the neutralino
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through the exchange of a relatively light pseudoscalar
Higgs (which is in agreement with our findings) since
neutralino coannihilations with the next-to-LSP is impos-
sible owing to the smallness of the neutralino mass.

B. Neutralino masses less than 50 GeV

Given our conclusion concerning light neutralinos, it is
interesting to derive the lower limit for the neutralino mass
in the MSSM. For this, we focus on scenarios where the
neutralino mass ranges from 1 to 50 GeV.

FIG. 4 (color online). Distribution of the points selected by our
MCMC analysis in the tan$-mA plane in the MSSM-EWSB
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FIG. 3 (color online). MSSM-EWSB scenario with !> 0 and
m" < 15 GeV. Spin-independent cross section on proton times

the fraction of neutralinos in the Milky Way dark halo (%) versus
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FIG. 2 (color online). Q=Qmax with respect to the neutralino
mass in MSSM-EWSB scenario for !> 0 and m" < 15 GeV.
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2In Ref. [52] it was shown that the ðg" 2Þ! constraint could
be avoided if one takes opposite signs for gaugino masses with
both !< 0 and M2 < 0. We have not considered this class of
scenarios.
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These include B-physics observables, the anomalous
magnetic moment of the muon, ðg" 2Þ!, the Higgs and
sparticles masses obtained from LEP and the corrections to
the " parameter. For the MSSM case, only LEP mass limits
on new particles were taken as a sharp discriminating
criterion with L ¼ 0 or 1. Other criteria had some toler-
ance. For the NMSSM, limits on the Higgs sector, on the Z
partial width and on neutralino production as computed by
NMSSMTOOLS were also taken as a sharp discriminating
criterion.

We use a Gaussian distribution for all observables with a
preferred value !% #,

F2ðx;!;#Þ ¼ e"ððx"!Þ2=ð2#2ÞÞ (1)

and

F3ðx;!;#Þ ¼ 1

1þ e"ðx"!Þ=# (2)

for observables which only have lower or upper bounds.
The tolerance, #, is negative (positive) when one deals
with an upper (lower) bound.

Finally we also require that the neutralino relic density
satisfies

100%!WMAPh
2 >!$h

2 > 10%!WMAPh
2; (3)

with !WMAPh
2 ¼ 0:1131% 0:0034 [41]. The cases where

!$ <!WMAP should correspond to scenarios in which
there is either another (if not several) type of dark matter
particles in the galactic halo [42] or a modification of
gravity (cf., e.g., [43]). In case of a multicomponent
dark matter scenario, there could be either very light,
e.g., [44–47], or very heavy particles (including very heavy
neutralinos), depending on the findings of direct detection
experiments.

III. MSSM SCENARIOS

In what follows, we consider the MSSM with input
parameters defined at the weak scale. We assume minimal
flavor violation and equality of the soft masses between
sfermion generations. We further assume a common mass
m~l for all sleptons, and for all squarks m~q (but we have
checked that we found consistent results by relaxing this
universality assumption). We allow for only one nonzero
trilinear coupling, At. The gaugino masses M1 and M2 are
free parameters which, in particular, allows us to have
M1 ' M2 implying a light neutralino much below the
electroweak scale. The parameter M3 satisfies the usual
universality condition in the grand unified theory scale
model, that is, M3 ¼ 3M2. The Higgs bilinear term, !,
the ratio of Higgs vacuum expectation values, tan% and the
pseudoscalar mass MA are also free parameters.

This MSSM-EWSB model with only eight parameters
can reproduce the salient features of neutralino dark
matter. Indeed, apart from the mass of the lightest
supersymmetric particle (LSP), the most important

parameters are the gaugino/Higgsino content of the LSP,
determined by ! andM1,M2, tan%, as well as the mass of
the pseudoscalar which can enhance significantly neutra-
lino annihilations into fermion pairs.

A. Neutralino masses smaller than 15 GeV

To sample the low neutralino mass range, we take our
priors in the range

M1 2 ½1; 100) GeV; M2 2 ½100; 2000) GeV;
! 2 ½0:5; 1000) GeV; tan% 2 ½1; 75);
m~l 2 ½100; 2000) GeV; m~q 2 ½300; 2000) GeV;
At 2 ½"3000; 3000) GeV; mA 2 ½100; 1000) GeV:

We consider separately the cases !> 0 and !< 0. The
results of our MCMC simulations for !> 0 are displayed
in Figs. 1 and 2.
Figure 1 represents Q=Qmax, the weight normalized to

the best weight, with respect to the free parameters that we
have considered. The first plot shows that the bino mass is
peaked around M1 2 ½15; 19) GeV while the second
plot shows that ! is below 150 GeV. That is, it is near
the lower bound that satisfies the LEP limits on charginos.
Thus, the LSP is dominantly binolike with a small
Higgsino component.
The third and fourth plots in Fig. 1 show that tan% is

very large ( tan% 2 ½40; 60)) and mA is relatively small
(mA 2 ½120; 170) GeV). This basically indicates that the
main neutralino pair annihilation proceeds through the
s-channel exchange of a light pseudoscalar Higgs boson.
The results also show that the sleptons and squarks are
preferably heavy (m~l 2 ½500; 1200) GeV and m~q 2
½0:8; 2) TeV).
In Fig. 2, we display the same quantity but with respect

to the neutralino mass. As one can see, the preferred value
for the neutralino mass m$ lies in between 13 and 15 GeV.
We found no scenario where the neutralino mass would be
smaller than 10 GeV.
In Fig. 3, we display the (spin-independent) elastic

scattering cross section #SI
p times the fraction of neutralino

in the halo & versus the neutralino mass and the limits from
CDMS and XENON 100. Here (and in the following),
we have assumed values for the quarks coefficients in
the nucleon (defined by setting #'N ¼ 45 MeV, #0 ¼
40 MeV in MICROMEGAS [48]) that lead to rather low cross
sections in order to be conservative in our predictions.1

Since there are uncertainties on the escape velocity and
scintillation function of XENON 100, we also performed a
rescaling of Leff with the energy (see [49]) and kept a
conservative energy-dependent value for Leff . In principle,

1The elastic scattering cross section can be up to 1 order of
magnitude larger for other choices of the quark coefficients.
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D.Albornoz Vasquez,G. Belanger, C. Bœhm, A. Pukhov, and J. Silk

Also (e.g.): 
Feldman, Liu, Nath, Piem (2010)

Kuflik, AP, Zurek (2010); 
Friday, August 26, 2011

Light Dark Matter in the MSSM ?
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Tao Liu (UC@Santa Barbara)                                                          Dark Light Higgs
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0.05 � λ � 0.15, 0.001 � κ � 0.005,

|ε�| � 0.25, − 30GeV � Aκ � −15GeV,

5 � tanβ � 50, 100GeV � µ � 250GeV

0.09 � Ωh2 � 0.13

Numerical Results

!   The blue points fall in a 3 sigma 
range of the observed relic density.

!  All points have passed the 
current exp. bounds of flavor 
physics, meson decays, and 
collider exp. 

Thursday, September 1, 2011

Tao Liu (UC@Santa Barbara)                                                          Dark Light Higgs

6

What is the ``Dark Light Higgs’’ Scenario?

Nearly PQ limit: kappa/lambda -> 0, 
A_kappa -> 0 

+ Moderate or small lambda: lambda < or ~ 0.1

P. Draper, T.L., C. Wagner, L.T. Wang and H. Zhang, Phys. Rev. Lett. 106 (2011)

Thursday, September 1, 2011

Dark Light Higgs (NMSSM near the PQ symmetry limit)

T. Liu

Friday, September 2, 2011
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Tao Liu (UC@Santa Barbara)                                                          Dark Light Higgs
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Q1: How Does the SM-like Higgs Decay ?

!  b bar mode becomes dominant again? Sometimes, but not generic. 

!  As long as kinematically allowed, h2 -> chi_i chi_j (i, j = 1, 2) with chi2 
-> chi1 + (h1 or a1 -> ff) becomes dominant (chi2 is bino-like)

!  Not hard because chi1 is light 
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Thursday, September 1, 2011

A strongly first order phase transition may be
obtained (red dots). 

Consistency with COGENT demands
mh1 close to 1 GeV. Only possible for mh2 

smaller than LEP limit. 

N. Shah

LEP limit may be
avoided due to the existence

of additional decay modes

T. Liu

Friday, September 2, 2011



Spin-Independent
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Tevatron quarks Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu
PLB 695, 185 (2011)

Similar results from the FNAL group:  Bai, Fox, Harnik 1005.3797 [JHEP]!  

T.  Tait
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RECONCILING XENON/DAMA/COGENT 

fn / fp = -0.7 (-0.63 to -0.74 ok)fn / fp = 1

Feng
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Hidden Symmetries in Nature, not obvious in Lagrangian Formalism.

They allow to simplify tremendously amplitude calculations

They may be essential to make progress towards our understanding 
of the connection of Gauge Theories with Quantum Gravity

To make progress, we should all start studying 
Galois Motivitic Theories, and start talking to Russian Mathematicians

Nima Arkani-Hamed

http://en.wikipedia.org/wiki/Motive_(algebraic_geometry)

Friday, September 2, 2011
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New Physics Signatures ?
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Observed HEP Anomalies
Signals which are two to three standard deviations away from the expected SM predictions.

• 100 GeV Higgs signal excess. Rate about one tenth of the corresponding SM Higgs one.

• 115 GeV Higgs signal, seen only by Aleph experiment at LEP.

• DAMA/LIBRA  annual modulation signal, direct DM detection searches (sodium iodide NaI 
scintillation crystal).  COGENT experiment sees a compatible signal, disputed by XENON

• Anomalous magnetic moment of the muon.

• Forward-backward asymmetry of the bottom quark at LEP.  (Dermisek, Kim)

• Forward-backward asymmetry of the top quark at the Tevatron. (Kim, Jung, Zhu)

• Apparent anomalous neutrino results, in MiniBoone, MINOS, LSND and reactor fluxes. (Kopp)

• B physics : CP-violating dimuon charge asymmetry at D0

• Anomalies observed in                                                                         transitions (Heinonen)

• Apparent 214 MeV muon pair resonance in the decay

• Anomalous W + 2 jets events at CDF (Omura, Anchordoqui, Spethman)

• Proton radius difference measured in electron or muon hydrogen atoms ? (R. Hill, G. Paz’11)                     

Σ→ p µ+µ−

B → Kπ, B → τν and B → Kl+l−

Friday, September 2, 2011



appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ! 1,
the supersymmetric contribution is approximately given by

δaµ "
α

8π sin2 θW

m2
µ

m̃2
tan β " 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ! 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ " mt/mb ! 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is

δaχ0

µ =
mµ

16π2

∑

mi




−
mµ

6m2
µ̃m

(1 − xmi)
4

(
NL

miN
L
mi + NR

miN
R
mi

)

×
(
1 − 6xmi + 3x2

mi + 2x3
mi − 6x2

mi ln xmi

)

−
mχ0

i

m2
µ̃m

(1 − xmi)3
NL

miN
R
mi(1 − x2

mi + 2xmi ln xmi)

}

(12)

δaχ+

µ =
mµ

16π2

∑

k

{
mµ

3m2
ν̃ (1 − xk)

4

(
CL

k CL
k + CR

k CR
k

)

×
(
1 + 1.5xk + 0.5x3

k − 3x2
k + 3xk ln xk

)

−
3mχ±

k

m2
ν̃ (1 − xk)

3 CL
k CR

k

(

1 −
4xk

3
+

x2
k

3
+

2

3
ln xk

)}

(13)

where xmi = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃ ,

NL
mi = −

mµ

v1
UN

3i U
µ̃
Lm +

√
2g1U

N
1i U

µ̃
Rm

NR
mi = −

mµ

v1
UN

3i U
µ̃
Rm −

g2√
2
UN

2i U
µ̃
Lm −

g1√
2
UN

1i U
µ̃
Lm

CL
k =

mµ

v1
Uk2

CR
k = −g2Vk1 (14)

3

– 5–

where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming

July 30, 2010 14:34

Muon Anomalous Magnetic Moment

Present status:  Discrepancy between Theory and Experiment  
at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !

M. Carena, G. Giudice,  C. E.M. Wagner ’96

7

QCD, excellent agreement between data and theory is

found [18].

A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-

order hadronic contributions together yields the estimate

(this and all following numbers in this and the next para-

graph are in units of 10−10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-

specific systematic, the third common systematic, corre-

lated between at least two exclusive channels, and the

fourth and fifth errors stand for the narrow resonance

and QCD uncertainties, respectively. The total error

of 4.2 is dominated by experimental systematic uncer-

tainties. The new result is −3.2 · 10−10 below the pre-

vious one [26]. This shift is composed of −0.7 from

the inclusion of the new, large photon angle data from

KLOE, +0.4 from the use of preliminary BABAR data

in the e+e− → π+π−2π0 mode, −2.4 from the new high-

multiplicity exclusive channels, the re-estimate of the un-

known channels, and the new resonance treatment, −0.5
from mainly the four-loop term in the QCD prediction of

the hadronic cross section that contributes with a nega-

tive sign, as well as smaller other differences. The total

error on ahad,LOµ is slightly larger than that of Ref. [26]

owing to a more conservative evaluation of the inter-

channel correlations.

Adding to the result (12) the contributions from higher

order hadronic loops, −9.79± 0.09 [44], computed using

a similar dispersion relation approach, hadronic light-by-

light scattering (LBLS), 10.5 ± 2.6 [46], estimated from

theoretical model calculations (cf. remark in Footnote 5),

as well as QED (7), and electroweak effects (10), one

obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-

der hadronic, and other contributions, respectively. The

result (13) deviates from the experimental average (4) by

28.7± 8.0 (3.6σ).5

A compilation of recent SM predictions for aµ com-

pared with the experimental result is given in Fig. 7.

Update of τ -based g−2 result. Since the majority

of the analysis in the aµ analysis also affects the τ -based
result from Ref. [22], a reevaluation of the correspond-

ing τ -based hadronic contribution has been performed

in Ref. [18]. In the τ -based analysis [47], the π+π−

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2σ.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10−11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e− based, including
BABAR and KLOE 2010 π+π− data), Davier et al. 09/1 [22]
(τ -based), Davier et al. 09/1 [22] (e+e−-based, not including
BABAR π+π− data), Davier et al. 09/2 [26] (e+e−-based in-
cluding BABAR π+π− data), HMNT 07 [44] and JN 09 [45]
(not including BABAR π+π− data).

cross section is entirely replaced by the average, isospin-

transformed, and isospin-breaking corrected τ → π−π0ντ
spectral function,6 while the four-pion cross sections, ob-

tained from linear combinations of the τ− → π−3π0ντ
and τ− → 2π−π+π0ντ spectral functions, are only eval-

uated up to 1.5 GeV with the τ data. Due to the lack

of statistical precision, the spectrum is completed with

the use of e+e− data between 1.5 and 1.8 GeV. All the

other channels are taken from e+e− data. The complete

lowest-order τ -based result reads [18]

ahad,LOµ [τ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is τ experimental, the second esti-

mates the uncertainty in the isospin-breaking corrections,

the third is e+e− experimental, and the fourth and fifth

stand for the narrow resonance and QCD uncertainties,

respectively. The τ -based hadronic contribution differs
by 9.1 ± 5.0 (1.8σ) from the e+e−-based one, and the

full τ -based SM prediction aSMµ [τ ] = 11 659 189.4 ± 5.4
differs by 19.5±8.3 (2.4σ) from the experimental average.

This τ -based result is also included in the compilation of

Fig. 7.

6 Using published τ → π−π0ντ spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).

287

3.6σ Discrepancy A. Hoecker’11; Boughezal, Melnikov’11

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tanβ � 10 (50), values of m̃ � 230 (510) GeV would be preferred.
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Reasons for Proposal and Later 
Solutions to 4 Puzzles 
!  1) Klein Paradox --apparent violation of unitarity 

(solution:positron existence- pair production 
possible) 

!  2) Wrong Statistics in Nuclei--N-14 nucleus  
appeared to be bosonic--(solution: neutron not a 
proton-electron bound state) 

!  3) Beta Ray Emission-apparent Energy non 
conservation (solution:neutrino) 

!  4) Energy Generation in Stars (solution: nuclear 
forces, pep chain, carbon cycle etc.----pion) 

(1932)

G. Segre’10

Anomalies may be resolved by different Physics

Friday, September 2, 2011



Conclusions

Theoretical ideas and models abound. 
No compelling guidance from (fantastic) experiments yet.

In the coming years, the Higgs and the WIMP
hypothesis will be tested by the Tevatron, the LHC and by
direct and indirect dark matter detection experiments.

Signals of other type of new physics may be revealed soon. 

We should expect to get a more clear picture by SUSY 2012 in Beijing

See you there !

Friday, September 2, 2011
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Global Fits
REFERENCES 5

parameter best fit ±1σ 2σ 3σ

∆m2
21 [10

−5eV2] 7.59+0.20
−0.18 7.24–7.99 7.09–8.19

∆m2
31 [10

−3eV2]
2.50+0.09

−0.16

−(2.40+0.08
−0.09)

2.25− 2.68

−(2.23− 2.58)

2.14− 2.76

−(2.13− 2.67)

sin2 θ12 0.312+0.017
−0.015 0.28–0.35 0.27–0.36

sin2 θ23
0.52+0.06

−0.07

0.52± 0.06

0.41–0.61

0.42–0.61
0.39–0.64

sin2 θ13
0.013+0.007

−0.005

0.016+0.008
−0.006

0.004–0.028
0.005–0.031

0.001–0.035
0.001–0.039

δ

(

−0.61+0.75
−0.65

)

π
(

−0.41+0.65
−0.70

)

π
0− 2π 0− 2π

Table 1. Neutrino oscillation parameters summary. For ∆m2
31, sin

2 θ23, sin
2 θ13, and

δ the upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy. See
Ref. [1] for details and references.

programme. This work was partly supported by the Transregio Sonderforschungsbereich
TR27 “Neutrinos and Beyond” der Deutschen Forschungsgemeinschaft.
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Figure 2. Upper panels: ∆χ2 as a function of sin2 θ13 for T2K and MINOS νe
appearance data (“LBL app”), all the other global data (“no LBL app”), and the
combined global data (“global”). Lower panels: contours of ∆χ2 = 1, 4, 9 in the
sin2 θ13 − δ plane for “LBL app” (curves) and for the global data (shaded regions).
We minimize over all undisplayed oscillation parameters. Left (right) panels are for
normal (inverted) neutrino mass hierarchy.

3. Global analysis

We move now to the combined analysis of the T2K and MINOS νe appearance searches

with global neutrino oscillation data as described and referenced in Ref. [1]. For the

reactor analysis we use the “recommended” analysis from Ref. [1], which adopts the

new reactor neutrino fluxes from Ref. [5] while including short-baseline reactor neutrino

experiments with baselines ! 100 km in the fit. The results for θ13 are summarized in

Fig. 2. For both neutrino mass hierarchies we find that the 2.5σ indication for θ13 > 0
from T2K gets pushed to the 3σ level (∆χ2 = 9) when combined with the weak hint for

a non-zero θ13 obtained from the remaining data [1], see also Ref. [6]. We find best fit

points at

sin2 θ13 = 0.013 , δ = −0.61π (normal hierarchy),
sin2 θ13 = 0.016 , δ = −0.41π (inverted hierarchy).

(1)

Due to some complementarity between T2K and MINOS one obtains, after
combining with the θ13 limit from the rest of the data, a “preferred region” for the

CP phase δ at ∆χ2 = 1, as seen in Fig. 2. Obviously this preference for the CP phase is

Schwetz, Tortola, Valle ’11

c.f.Fogli, Lisi, Marrone,Palazzo, Rotunno’11
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TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the
mass-mixing parameters, assuming old reactor neutrino fluxes. By using new reactor fluxes, the corresponding best fits and
ranges for sin2 θ12 and sin2 θ13 (in parentheses) are basically shifted by about +0.006 and +0.004, respectively, while the other
parameters are essentially unchanged.

Parameter δm2/10−5 eV2 sin2 θ12 sin2 θ13 sin2 θ23 ∆m2/10−3 eV2

Best fit 7.58 0.306 0.021 0.42 2.35

(0.312) (0.025)

1σ range 7.32 – 7.80 0.291 – 0.324 0.013 – 0.028 0.39 – 0.50 2.26 – 2.47

(0.296 – 0.329) (0.018 – 0.032)

2σ range 7.16 – 7.99 0.275 – 0.342 0.008 – 0.036 0.36 – 0.60 2.17 – 2.57

(0.280 – 0.347) (0.012 – 0.041)

3σ range 6.99 – 8.18 0.259 – 0.359 0.001 – 0.044 0.34 – 0.64 2.06 – 2.67

(0.265 – 0.364) (0.005 – 0.050)

Table I reports the bounds shown in Figs. 1–3 in numerical form. All the bounds are largely uncorrelated from each
other; e.g., the allowed ranges of δm2 and ∆m2 are basically independent on variations of the mixing angles within
their uncertainties (not shown). Nevertheless, we find it useful to report the joint ranges for the mixing parameters
sin2 θij , which can be used to test specific predictions of theoretical models for neutrino mixing, and which allow to
highlight the impact of recent appearance data.
Figure 4 shows the joint contours at 1, 2 and 3σ (∆χ2 = 1, 4 and 9) for each possible couple of sin2 θij parameters,

in the analysis with old reactor fluxes. Including new fluxes, the best fits and the associated Nσ contours are all
translated by small amounts (< 1σ) indicated by arrows. As a result of the dominance of T2K data in the θ13 fit, the
correlation in the (sin2 θ12, sin

2 θ13) plane induced by δm2-sensitive data [4, 11] is no longer apparent. Conversely,
there is a weak anticorrelation in the (sin2 θ23, sin

2 θ13) plane for relatively high θ13, due to the fact that the long-
baseline νµ → νe appearance probability is dominated by the product |Uµ3Ue3|2 ∝ sin2 θ23 sin

2 2θ13.
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Tri-bimaximal-reactor
where the deviation parameters s, a, r are defined as [24],

sin θ12 =
1√
3
(1 + s) , sin θ23 =

1√
2
(1 + a) , sin θ13 =

r√
2
. (3.11)

Setting,
s ≈ 0 , a ≈ 0 , (3.12)

we find [5]:

UTBR =
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P. (3.13)

TBR mixing has recently been obtained in an S4 setup [6]. Alternative proposals [25–36]
that have been put forward to accommodate the T2K result could similarly be compared
using the deviation parameters s, a, r. With future neutrino oscillation experiments being
able to not only accurately measure the reactor angle, parametrised here as r, but also
the atmospheric and solar deviation parameters a, s and eventually the CP violating
oscillation phase δ, it is clear that relating these deviation parameters via sum rules
comprise the next step in discriminating different models of lepton masses and mixings.

4 Conclusions

In the well known direct models of tri-bimaximal (TB) mixing, based on A4 and S4, the
TB mixing is enforced by a Klein symmetry ZS

2 × ZU
2 in the neutrino sector, together

with a ZT
3 symmetry in the charged lepton sector, where a common basis corresponds to

a diagonal charged lepton mass matrix. It is also well known that TB mixing can emerge
from either S4, which contains the generators S, T, U , or A4, which contains S, T . In the
case of A4 the U symmetry emerges accidentally as a result of the absence of flavons in
the 1′ or 1′′ representations of A4. Such models are called “direct models” since (some
of) the group generators remain unbroken in different sectors of the low energy effective
theory. Although this simple and appealing picture is apparently shattered by the T2K
results, which indicate a sizeable reactor angle θ13, simple alternative possibilities such as
tri-bimaximal-reactor (TBR) mixing remain.

We have proposed a renormalisable S4 model of leptons. We have studied the vacuum
alignment in the S4 model and shown that it predicts accurate TBR neutrino mixing due
to a TB violating flavon which preserves µ− τ antisymmetry but only enters the neutrino
sector at higher order, resulting in approximate TB mixing.

Although the S4 model of leptons presented here involve diagonal charged lepton mass
matrices, when the models are extended to include quarks, for example in the framework
of SU(5) unification, we would expect the charged lepton sectors (but not the neutrino
sectors) of these models to be modified. This could introduce additional contributions to
lepton mixing from the charged lepton sector. Interestingly the S4 model here preserves

12

s = a = 0, r �= 0

and the neutrino Yukawa couplings Yν = (A,B) read

Y (120)
ν =




0 b
a 2b
−a 0



 or Y (102)
ν =




0 b
a 0

−a 2b



 , (2.12)

depending on the choice of the subdominant flavon, either φ120 or φ102. The parameters a
and b can be determined from the parameters in the superpotential. Later on we will see, that

a relative phase difference arg(a/b) = 45
◦
or 135

◦
, which translates into a Dirac CP phase

δ = 90
◦
or 270

◦
, is preferred by experimental data and that this would also maximise the

generated baryon asymmetry. Such a phase difference can be easily obtained in the context of

spontaneous CP violation from discrete symmetries as discussed in [13], which could be applied

here straightforwardly.

Due to the Z4 symmetries the RH neutrinos have no mass terms at the renormalisable level,

but they become massive after the flavons develop their vevs due to the following terms in the

superpotential

WR ∼ 1

Λ
(φν

1)
2N2

1 +
1

Λ
φ2
120/102N

2
2 . (2.13)

From the symmetries alone also terms like φν
1 · φ120N1N2 would be allowed, but we assume,

that the messenger fields mediating such operators are absent. Under this assumption the RH

neutrino mass matrix is diagonal

MR =

�
MA 0

0 MB

�
. (2.14)

3 The phenomenology of CSD2

3.1 Predictive trimaximal mixing from CSD2

With the charged lepton mass matrix being diagonal, the PMNS mixing originates solely from

the neutrino sector. As discussed in the previous section we introduce two RH neutrinos Ni

(i = 1, 2) which entails one massless light neutrino. The RH neutrino mass matrix MR is

assumed to be diagonal and each Ni couples to its own flavon. Adopting φν
1 for the dominant

and φ120 for the subdominant term, the resulting Dirac neutrino Yukawa matrix is Y (120)
ν , see

Eq. (2.12).
2

Then the (type-I) seesaw formula leads to a simple effective light neutrino mass

matrix, given by

Mν =
v2AAT

MA
+

v2BBT

MB
= ma




0 0 0

0 1 −1

0 −1 1



+mb




1 2 0

2 4 0

0 0 0





= ma




mb
ma

2
mb
ma

0

2
mb
ma

1 + 4
mb
ma

−1

0 −1 1



 ,

(3.1)

where ma =
v2a2

MA
and mb =

v2b2

MB
can in general be complex. Clearly, the unitary matrix that

diagonalises Mν depends on only one complex parameter

mb

ma
= � eiα , �,α ∈ R . (3.2)

2We comment on the case where the subdominant flavon is taken to be φ102 below Eqs. (3.5-3.12).
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s = a = r = 0

Thus, apparently following the adage “many a little makes a mickle”, one is led to a
2σ indication for a non-zero value of θ13. This corresponds to a value for θ13 in the 1σ
range (in degrees),

θ13 = 8o ± 2o. (6)

In any case it is certainly theoretically plausible that θ13 could take a value in the above
range [7], so it is interesting to consider this possibility, and we emphasize this more
general motivation.

It is well known that the solar and atmospheric data are consistent with so-called
tri-bimaximal (TB) mixing [8],

UTB =
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1√
3

0

− 1√
6

1√
3

1√
2

1√
6

− 1√
3

1√
2






P, (7)

corresponding to the mixing angles, 1

θ12 = 35.26o, θ23 = 45o, θ13 = 0o. (8)

The ansatz of TB mixing matrix is interesting due to its symmetry properties which seem
to call for a possibly discrete non-Abelian family symmetry in nature [9]. There has been
a considerable amount of theoretical work in this direction [10, 11, 12, 13, 14, 15]. The
presence of a non-zero reactor angle as in Eq.6 would be clearly inconsistent with the TB
prediction for the zero reactor angle in Eq.8 and so the TB ansatz would be excluded,
even though the predictions for the solar and atmospheric angles remain acceptable.

In this paper we shall explore the possibility of extending the TB mixing matrix to
allow for a non-zero reactor angle θ13, while at the same time preserving the predictions
for the tri-maximal solar angle and the maximal atmospheric angle given by Eq.8, namely
θ12 = 35.26o and θ23 = 45o. In order to maintain these predictions requires,

|Ue2|2

|Ue1|2
=

1

2
,

|Uµ3|2

|Uτ3|2
= 1. (9)

To leading order in Ue3 the conditions in Eq.9 correspond approximately to,

|Ue2|2 ≈ 1/3, |Uµ3|2 ≈ 1/2. (10)

We refer to the above proposal as as tri-bimaximal-reactor (TBR) mixing, to emphasize
that tri-maximal solar mixing and maximal atmospheric mixing are both preserved while

1Note that different versions of the TB mixing matrix appear in the literature with the minus signs
appearing in different places corresponding to differing choices of charged lepton and Majorana phases.
We prefer the convention shown which emerges from the PDG parametrization when the angles are set
equal to those shown in Eq.8
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depending on the choice of the subdominant flavon, either φ120 or φ102. The parameters a
and b can be determined from the parameters in the superpotential. Later on we will see, that

a relative phase difference arg(a/b) = 45
◦
or 135

◦
, which translates into a Dirac CP phase

δ = 90
◦
or 270

◦
, is preferred by experimental data and that this would also maximise the

generated baryon asymmetry. Such a phase difference can be easily obtained in the context of

spontaneous CP violation from discrete symmetries as discussed in [13], which could be applied

here straightforwardly.

Due to the Z4 symmetries the RH neutrinos have no mass terms at the renormalisable level,

but they become massive after the flavons develop their vevs due to the following terms in the

superpotential
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From the symmetries alone also terms like φν
1 · φ120N1N2 would be allowed, but we assume,

that the messenger fields mediating such operators are absent. Under this assumption the RH

neutrino mass matrix is diagonal

MR =

�
MA 0

0 MB

�
. (2.14)

3 The phenomenology of CSD2

3.1 Predictive trimaximal mixing from CSD2

With the charged lepton mass matrix being diagonal, the PMNS mixing originates solely from

the neutrino sector. As discussed in the previous section we introduce two RH neutrinos Ni

(i = 1, 2) which entails one massless light neutrino. The RH neutrino mass matrix MR is

assumed to be diagonal and each Ni couples to its own flavon. Adopting φν
1 for the dominant

and φ120 for the subdominant term, the resulting Dirac neutrino Yukawa matrix is Y (120)
ν , see

Eq. (2.12).
2

Then the (type-I) seesaw formula leads to a simple effective light neutrino mass

matrix, given by

Mν =
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+
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(3.1)

where ma =
v2a2

MA
and mb =

v2b2

MB
can in general be complex. Clearly, the unitary matrix that

diagonalises Mν depends on only one complex parameter

mb

ma
= � eiα , �,α ∈ R . (3.2)

2We comment on the case where the subdominant flavon is taken to be φ102 below Eqs. (3.5-3.12).
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Trimaximal1

θ12 = arcsin
1√
3
− �2

2
√

2
, (3.8)

θ13 =
�√
2

+
�2

2
√

2
cos α , (3.9)

δ = α − �
5

2
sinα (only up to order �) , (3.10)

α2 = −α + 2 � sinα − 3 �2 sin 2α , (3.11)

α3 = 0 . (3.12)

Note that the PMNS matrix has only one non-trivial Majorana phase as one of the neutrinos is

exactly massless. These results are only slightly modified if we choose the (1, 0, 2)
T

alignment

for the subdominant neutrino term: θ23 → π
2 − θ23, δ → π + δ, δe → π + δe, and δµ ↔ δτ . All

observables in the neutrino sector can be expressed in terms of ma, � and α. Excluding Majorana

phases (and the mass of the massless neutrino), this means that the model class makes three

predictions which should be testable in future oscillation experiments since θ13 is comparatively

large.

It is useful to compare the above predictions to a general leading order parametrisation of

the PMNS mixing matrix in the PDG convention in terms of deviations from TB mixing [15],
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where the deviation parameters s, a, r are defined as [15],

sin θ12 =
1√
3
(1 + s) , sin θ23 =

1√
2
(1 + a) , sin θ13 =

r√
2

. (3.14)

At leading order the above predictions can be expressed by

a = r cos δ , s = 0 , (3.15)

where

r =
2

3

mν
2

mν
3

∼ 2

15
→ θ13 ∼ 5

◦ − 6
◦ , (3.16)

where the predicted reactor angle may be compared to Eq. (1.1).
4

We emphasise that these

predictions hold true for both the (1, 2, 0)
T

as well as the (1, 0, 2)
T

alignment. In both cases,

with a suitable choice of phase convention, the leading order mixing matrix can be written in

the form,
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 P , (3.17)

where Eq. (3.17) corresponds to a small angle expansion of TM1 mixing in Eq. (1.2). However,

from the general argument given earlier in this subsection, we expect TM1 mixing in Eq. (1.2)

to be valid to all orders beyond the small angle approximation.

4Note that in a model where the charged lepton mass matrix is not diagonal, one must combine the charged
lepton corrections with the underlying TB neutrino mixing deviations to formulate the total observed deviation
from TB mixing as discussed in [16].
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depending on the choice of the subdominant flavon, either φ120 or φ102. The parameters a
and b can be determined from the parameters in the superpotential. Later on we will see, that

a relative phase difference arg(a/b) = 45
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or 135

◦
, which translates into a Dirac CP phase

δ = 90
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or 270

◦
, is preferred by experimental data and that this would also maximise the

generated baryon asymmetry. Such a phase difference can be easily obtained in the context of

spontaneous CP violation from discrete symmetries as discussed in [13], which could be applied

here straightforwardly.

Due to the Z4 symmetries the RH neutrinos have no mass terms at the renormalisable level,

but they become massive after the flavons develop their vevs due to the following terms in the
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From the symmetries alone also terms like φν
1 · φ120N1N2 would be allowed, but we assume,

that the messenger fields mediating such operators are absent. Under this assumption the RH

neutrino mass matrix is diagonal

MR =
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MA 0

0 MB
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. (2.14)

3 The phenomenology of CSD2

3.1 Predictive trimaximal mixing from CSD2

With the charged lepton mass matrix being diagonal, the PMNS mixing originates solely from

the neutrino sector. As discussed in the previous section we introduce two RH neutrinos Ni

(i = 1, 2) which entails one massless light neutrino. The RH neutrino mass matrix MR is

assumed to be diagonal and each Ni couples to its own flavon. Adopting φν
1 for the dominant

and φ120 for the subdominant term, the resulting Dirac neutrino Yukawa matrix is Y (120)
ν , see

Eq. (2.12).
2

Then the (type-I) seesaw formula leads to a simple effective light neutrino mass

matrix, given by
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where ma =
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and mb =
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MB
can in general be complex. Clearly, the unitary matrix that

diagonalises Mν depends on only one complex parameter
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= � eiα , �,α ∈ R . (3.2)

2We comment on the case where the subdominant flavon is taken to be φ102 below Eqs. (3.5-3.12).
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depending on the choice of the subdominant flavon, either φ120 or φ102. The parameters a
and b can be determined from the parameters in the superpotential. Later on we will see, that

a relative phase difference arg(a/b) = 45
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or 135
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, which translates into a Dirac CP phase

δ = 90
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or 270
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, is preferred by experimental data and that this would also maximise the

generated baryon asymmetry. Such a phase difference can be easily obtained in the context of

spontaneous CP violation from discrete symmetries as discussed in [13], which could be applied

here straightforwardly.

Due to the Z4 symmetries the RH neutrinos have no mass terms at the renormalisable level,

but they become massive after the flavons develop their vevs due to the following terms in the
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From the symmetries alone also terms like φν
1 · φ120N1N2 would be allowed, but we assume,

that the messenger fields mediating such operators are absent. Under this assumption the RH

neutrino mass matrix is diagonal

MR =

�
MA 0

0 MB

�
. (2.14)

3 The phenomenology of CSD2

3.1 Predictive trimaximal mixing from CSD2

With the charged lepton mass matrix being diagonal, the PMNS mixing originates solely from

the neutrino sector. As discussed in the previous section we introduce two RH neutrinos Ni

(i = 1, 2) which entails one massless light neutrino. The RH neutrino mass matrix MR is

assumed to be diagonal and each Ni couples to its own flavon. Adopting φν
1 for the dominant

and φ120 for the subdominant term, the resulting Dirac neutrino Yukawa matrix is Y (120)
ν , see

Eq. (2.12).
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matrix, given by
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where ma =
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MA
and mb =
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MB
can in general be complex. Clearly, the unitary matrix that

diagonalises Mν depends on only one complex parameter

mb
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= � eiα , �,α ∈ R . (3.2)

2We comment on the case where the subdominant flavon is taken to be φ102 below Eqs. (3.5-3.12).
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Family Symmetry
TB mixing respects discrete symmetry 

 TM2 mixing respects discrete sym

Since TB mixing is a good approximation, this 
suggests an S4 family symmetry broken to A4

King, Luhn 1107.5332 JHEP

SMνS = Mν UMνU = MνTMET = ME

SMνS = Mν TMET = ME

S, T, U ∈ S4

S, T ∈ A4

S4 → A4

S4 A4 S T U

1, 1′ 1 1 1 ±1

2

(

1′′

1′

) (

1 0
0 1

) (

ω 0
0 ω2

) (

0 1
1 0

)

3, 3′ 3 1
3





−1 2 2
2 −1 2
2 2 −1









1 0 0
0 ω2 0
0 0 ω



 ∓





1 0 0
0 0 1
0 1 0





Table 4: The generators S, T, U of S4 and S, T of A4 as used in this article.

The generators and Clebsch-Gordan coefficients of S4 = ∆(24) and A4 = ∆(12) in a
basis where the triplets are explicitly real were derived in a general way in [41, 42]. As
was argued in [12], there exists a more suitable triplet basis for A4 models in which the
order-three generator T is brought to a diagonal and complex form. By now this choice
has become the standard or physical basis for direct models [19]. The corresponding basis
in the case of S4 can be found for instance in [43]. As A4 is a subgroup of S4 it is natural
to express this relation also in terms of the generators where the elements S, T, U generate
S4, while A4 is obtained by simply dropping the U generator [44].

Table 4 lists the generators of S4 and A4 in the physical basis. The primed representa-
tions of S4 differ only in the sign of the U generator. Dropping the U generator we obtain
A4. It is clear from the table that the doublet of S4 becomes a reducible representation
under A4, denoted by 1′′ and 1′.

The S4 product rules in the chosen basis are listed below, where we use the number
of primes within the expression

α(′) ⊗ β(′) → γ(′) , (A.1)

to classify the results. We denote this number by n, e.g. in 3⊗ 3′ → 3′ we get n = 2.
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Assumptions on the Susy-breaking sector (SBS)

 Strongly coupled theory generically defined by:

• Energy scale (mass gap):    Λ ~TeV

• Susy breaking of order one: 
     ! Susy-breaking splittings also of order ~ Λ  
     ! hard and soft Susy-breaking terms of the 
         same order

• “Number of colors”:   N

To get predictions, beyond NDA estimates, 
we will use the AdS/CFT correspondence:

Strong sector  !  Warped Extra-dimension

(number of messengers in GMSB)
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Higgs potential terms:

∆λi ∼
g4

i
N

16π2
� 16π2

N
�4
Hi

m2
i
∼ g2

i
NΛ2

16π2
� Λ2�2

Hi

1) MSSM Higgs doublets coupled to the SBS:

gi

�
d
2θ HiOi

�Hi ∼
gi

gst

gst ∼ 4π/
√

N

Higgs sector

degree of mixing 
with the strong

 sector
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68�, 90�, 99� CL

0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
0.002

0.004

0.006

0.008

0.010

S
^

T
^

�Hu = 0.1

�Hu = 0.3 mh ∼ 193 GeV

�Hu = 0.2 mh ∼ 120 GeV
mh ∼ 91 GeV

at tree-level!

Λ = 1 TeVN = 6
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Quintessence
is

m~H0~10-33

features
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Modified Forces
• Extra scalar propagating degree of freedom

• Cosmological IR modification hidden from local constraints on
gravity and fifth forces → non-linear mechanism (strong
interactions or changes in the potential or coupling)

Chameleon mechanism (running mass or coupling)
Vainshtein mechanism (strong coupling, derivative interactions)

• Concrete (but toy) models that exhibit these
Modified Action f(R)

S =

�
d4x

√
−g

�
R + f(R)

16πG
+ Lm

�

Dvali-Gabadadze-Porrati (DPG) Braneworld

S =

�
d5x

√
−g

�
(5)R

2κ2
+ δ(χ)

�
(4)R

2µ2
+ Lm

��
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Hu, Huterer & Smith (2006)

Environment Dependent Force
For large background field, gradients in the scalar prevent the

 chameleon from appearing
 

Oyaizu, Lima, Hu (2008)
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Massive Gravity

• DGP model motivated re-examination of massive gravity models

[de Rham, Gabadadze, et al, Koyama et al, Hassan & Rosen (2010-2011)

• Graviton mass ∼ H0 provides self-acceleration

H
2 = m

2 +
8πG

3
ρ

while also not seeing the cosmological constant contribution

“degravitation”

• Key: add extra terms to Fierz-Pauli action to make it nonlinearly

ghost free [Arkani-Hamed, Georgi, Schwartz (2003], exhibit Vainshtein

strong coupling (Galileon symmetry, restoring vDVZ continuity)

S =

�
d4x

√
−g

1

16πG

�
R+m2[L(2)(K) + α3L(3)(K) + α4L(4)(K)]

�

with Kµ
ν = δµν +

�
gµα∂αφa∂νφbηab

• Much progress in the last year! stay tuned...
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New: Stringy constraints & matter beyond the MSSM                                                                       
[M.C., J. Halverson, P. Langacker,1108… tonight on hep-ph ]!
  !  c.f.,  also J. Halverson’s talk in the morning  parallel session 

I.Classify all possible  MSSM quivers (three, four stacks)   

study the additional matter needed to be  compatible  

with the  global constraints - stringy inputs on exotic matter 

3-stack analysis:  global conditions  (Ta,b,c=0) constraining, e.g., MSSM w/ 

 w/ preferred additions: quasi-chiral Higgs pairs, MSSM singlets               

                                      hyperchargeless SU(2) triplets,&  

                                      various quark  anti-quark pairs, all w/ integer el. ch.; 

                                      one (massless) Z’ quiver                               

4-stack analysis: richer structure 
                                 sizable number of quivers w/ Z’, including leptophobic (tuned);  

                                 additional structures: possible SHuHd,; !-masses; 
                                 exotics w/ fractional el. ch. … 

II. Work in progress on axigluons w/ (stringy) quiver embedding    
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